Background: Devices that record from the finger have potential practical advantages for home monitoring of blood pressure. However, digital arterial pressure may vary substantially from that in the brachial artery, due to the influence of peripheral wave reflection. Aims: (1) To compare digital arterial pressure, as measured with the Omron F3 device, with brachial arterial pressure and (2) to determine the effect on digital pressure of changing local vascular resistance. Method: The subjects were normotensive young adult non-smokers (12 males, 14 females). Pressures were recorded simultaneously from arm (using an Omron HEM-705CP) and finger with subjects seated and both recording sites at the level of the xiphisternum. Measurements were made at ambient temperatures of 19؇C and 30؇C; at rest, during brief contralateral hand cooling and after hand rewarming.
Introduction
The phenomenon of 'white-coat hypertension' means that a substantial proportion of casual clinic readings of blood pressure (BP) are significantly elevated above basal levels. 1, 2 As well there is increasing recognition that the long-term patient outcome in relation to cardiovascular morbidity may be predicted better by average waking BPs than by casual measurements. 3 Together, these factors make routine use of automated home BP devices a valuable part of patient evaluation. 2, 4 The majority of commercially available instruments measure pressure in the brachial artery. Some, however, detect pressure at the wrist or the finger and these have two potential advantages. First, cuff inflation at these sites produces less discomfort than inflation of an upper arm cuff and so the measurements made may be closer to true basal values. Second, finger devices in particular are far less bulky than those which measure brachial BP, allowing them to be carried easily in a pocket. This facilitates monitoring being carried out at regular intervals during the day and may improve patient compliance in general.
However, pressures recorded from both wrist and finger may differ from those recorded from the brachial artery. The amplitude of the BP wave is known to change as it travels away from the aortic arch, due to the effect of harmonic reflection, and the magnitude of this reflection is dependent on absolute peripheral resistance. [5] [6] [7] [8] Furthermore, the relatively long vascular path between upper arm and finger, and the small diameter of the digital vessels, imposes a finite resistance on blood flow that may lead to reduced hydrostatic pressure. 9 As these factors will interact, absolute pressures recorded from the digital artery may therefore differ to a significant and unpredictable extent from those in the brachial artery. In order to determine how significant this potential error is, we have compared pressures recorded from the digital artery with a commercially available finger device, the Omron F3, and those recorded simultaneously from the brachial artery, under resting conditions and in situations known to affect digital vascular resistance.
Subjects and methods

Subjects
Measurements were obtained from 12 normotensive male and 14 normotensive female volunteers, aged between 20-23 years, all of whom were non-smokers. Mean ages (± s.e.m.) were 21.2 ± 0.9 years and 21.4 ± 0.7 years respectively. Mean body mass indices were 24.4 ± 3.6 for males and 23.7 ± 3.6 for females. All female subjects reported normal regular menstrual cycles 26-35 days in duration (mean 30 ± 2.9) and menstrual flows lasting 3-6 days (mean 5 ± 0.8). None of the subjects was taking oral contraceptive preparations or medications of any kind. All testing took place between 09.00 to 12.00 over the period January to March. Subjects were asked to abstain from alcoholic beverages for 12 h prior to an experimental session and to consume no more than one cup of a caffeine-containing drink on the day of testing. The study was assessed by the Trinity College Dublin Medical Ethics Committee and all subjects gave written informed consent.
Measurements
Blood flow through the left index finger was measured by venous occlusion plethysmography, using an indium/gallium-in-silastic rubber strain gauge (Medasonics, Mt View, CA, USA) with a cuff inflation pressure of 40 mm Hg and an inflation cycle of 4 s every 14 s.
Brachial arterial BP was measured from the right arm using an Omron HEM-705CP automated oscillometric digital monitor. This instrument has been shown to meet the validation criteria of the British Hypertension Society. 10 Arm circumference was measured for each subject so as to ensure that the correct cuff size was chosen and pilot measurements in 10 subjects confirmed that there was no significant difference between brachial readings taken from right or left arms under our study conditions (systolic BP (SBP) right 116 ± 4.0, left 118 ± 3.6; diastolic BP (DBP) right 71 ± 2.1, left 73 ± 2.3 mm Hg). Digital arterial BP was measured simultaneously from the index finger of the left hand, using an Omron F3 automated digital monitor. Both monitors were newly purchased direct from the manufacturer and were factory-calibrated.
During the measurement sessions, subjects were seated comfortably, with the instrumented finger resting at the level of the xiphisternum. Prior to the initial session, subjects sat quietly in the test environment for 15 min and were familiarised with the sensations of the measurement protocol by one sequence of cuff inflations. Successive sequences of BP recording were separated by at least 2 min. In order to confirm the reproducibility of measurements within sessions, three successive readings of brachial BP were made in 10 resting subjects over a 15-min period. The mean inter-reading variability was 3.3 ± 0.8 mm Hg for SBP and 2.5 ± 0.5 mm Hg for DBP. To ascertain consistency of measurements between sessions, brachial BPs were recorded in six male subjects on two occasions, 1 week apart. No significant differences were seen (SBP/DBP values: session 1-123 ± 8.7/74 ± 5.5 mm Hg, session 2-120 ± 5.4/74 ± 3.3 mm Hg).
Experimental protocol
On the initial visit to the laboratory, subjects completed a medical checklist so as to exclude individuals taking medications or with the likelihood of peripheral vascular disorders. Normality of digital vascular regulation was then verified by measuring blood flow in the left index finger while the subject sat quietly at room temperature (19°C) under resting conditions, during immersion of the contralateral hand in cool water (12°C) for 2 min and following rewarming of the hand by immersion in water at 42°C. Criteria for admission to the study were a detectable finger blood flow (Ͼ1.0 ml/min per 100 g tissue) under resting conditions and a reversible reduction in flow by at least 50% in response to cold stimulation. 11 One additional female subject with unmeasurable resting finger blood flow was excluded.
Following completion of the flow measurements, the two BP monitoring devices were fitted while subjects remained seated. After the 15 min equilibration and familiarisation period, BPs were measured at room temperature at rest and during the same cold stimulation and rewarming procedures as were carried out when digital blood flow was assessed. Subjects then entered an adjacent warm room maintained at 30°C and 40% humidity where, after a further 15-min period of seated equilibration, the three sets of BP measurements were repeated. All female subjects undertook a second, identical series of BP measurements 12-14 days after the first. Because pilot studies showed no significant intrasession variation in BP (see above) and our concern was solely to compare simultaneous values recorded from arm and finger, single rather than repeated sets of measurements were made.
Data analysis
Comparisons of brachial and digital BPs within each test situation were performed using paired Student's t-tests. Comparisons of pressures recorded from one site under different circumstances were performed by repeated analysis of variance and a StudentNewman-Keuls multiple comparison test. Variability in equality of values recorded from arm and finger was assessed by the method of Bland and Altman.
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Results
Finger blood flow
Resting finger blood flow in male subjects was 7.8 ± 1.7 ml min per 100 g tissue. Cooling of the contralateral hand caused this to fall to 2.2 ± 0.7 ml min per 100 g tissue (P Ͻ 0.001) and rewarming restored the flow to its original value (7.7 ± 2.0 ml min per 100 g tissue) within 2 min. In female subjects, flows showed a tendency towards higher resting values and lessened proportional fall during cooling, but these differences were not significant (menstrual rest 8.3 ± 1.3, cooling 2.4 ± 0.6, rewarm 7.2 ± 1.3 ml min per 100 g tissue; periovulatory rest 9.1 ± 1.5, cooling 3.8 ± 1.2, rewarm 8.1 ± 1.4 ml min per 100 g tissue).
Resting brachial BP
Mean resting brachial BPs for the different subject groups are compared in Table 1 . For any group, neither DBP nor SBP were appreciably different between room temperature and 30°C. At both temperatures, however, DBP and SBP were significantly higher in males than in females either at menses or during the periovulatory phase (systolic P Ͻ 0.001, diastolic P Ͻ 0.02). In the female subjects, BP did not alter between different phases of the menstrual cycle.
Comparison of finger and arm BPs in men
At room temperature, no significant difference was seen between mean resting DBP values recorded at the arm and at the finger in male subjects. By contrast, under resting conditions at 30°C, finger DBP was lower than arm DBP (Figure 1a) . SBP values were similar throughout (Figure 2a ).
Contralateral hand cooling at an ambient temperature of 30°C abolished the difference between finger and brachial DBP and this difference was restored following rewarming of the hand (Figure 1a ). Females (periovul) 69 ± 1.1 107 ± 1.4 38 ± 1.4 69 ± 1.6 105 ± 2.0 36 ± 2.1 *P Ͻ 0.02, **P Ͻ 0.001 males vs females.
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Comparison of finger and arm BPs in women
As with male subjects, female subjects at menses, showed no significant difference in resting DBP and SBP recorded from the finger or from the arm at room temperature. However, both resting DBP and resting SBP were significantly lower than the equivalent arm values at an ambient temperature of 30°C (Figures 1b, 2b) . At this higher temperature, contralateral hand cooling caused elevation of finger DBP, which was reversed by rewarming, but the absolute finger pressure remained significantly less than that in the arm under all circumstances (Figure 1b) . During hand cooling, finger SBP rose to equal that in the arm and fell again when the hand was rewarmed (Figure 2b ). In the periovulatory female group, mean finger values were lower than mean arm values for DBP both at room temperature and at 30°C. At both temperatures, hand cooling caused selective elevation of finger DBP, which was reversed by rewarming. During hand cooling at room temperature, there was no significant difference between finger and arm values; by contrast, at 30°C finger DBP remained lower than arm DBP at all times (Figure 1c) . SBP rose slightly during hand cooling, but at neither ambient temperature was there a significant difference between finger and arm SBPs at rest (Figure 2c ).
Individual variation in finger vs arm BP values
When absolute values for BPs recorded from arm and finger were compared for individual subjects, a wide degree of variation was seen at both ambient temperatures. Data at rest were analysed according to the protocol recommended by Bland and Altman 12 for evaluating the extent of agreement between two methods of measuring a clinical parameter. This involves determining whether the scatter of inequality falls within a clinically acceptable range of error.
The results of this analysis are shown in Table 2 , which sets out the average finger-arm differences and the values for 2 standard deviations of the differences, for resting male, menstrual females and periovulatory females at room temperature and at 30°C. It can be seen that the 2 standard deviation window represented a potential error of 14 -24 mm Hg in DBP and 18-30 mm Hg in SBP, for differ- ent groups. Despite the fact that there was a considerable range of variability between the different data sets, and the greater average displacement between finger and arm values under warm conditions, no clear distinction could be made between the extents of variability in males vs females or moderate vs warm environments.
To further illustrate the relationship between data recorded from both sites, all individual resting finger-arm differences have been plotted against the corresponding absolute arm values (Figure 3 ). These scatter diagrams show that, regardless of subject sex or ambient temperature, there was a difference of at least several mm Hg between finger and arm BPs in many subjects, with some values being offset by 20 mm Hg or more. As well, it is clear that the extent of this site difference was not dependent on the absolute pressure, since it was apparent for DBP and SBP.
In order to gain a better sense of how these dis- crepancies could influence measurements made in clinical practice, we counted the incidence of differences of у5 mm Hg DBP and у10 mm Hg, SBP, under resting conditions at room temperature. In males, finger DBPs were у5 mm Hg above arm pressures in 5/12 subjects and у5 mm Hg lower in 6/12 subjects, while SBPs were у10 mm Hg higher in 4/12 and у10 mm Hg lower in 4/12 cases. In females, finger DBPs were Ͼ5 mm Hg above arm pressures in 2/14 (menses) and 3/14 (periovulatory) finger. As it is widely believed that differences in absolute BP can exist between right and left arms, 13 we felt it necessary to verify that differences between arm and finger pressures were independent of laterality. Although the design of the Omron F3 makes it cumbersome for use on the right hand, this does not prevent effective readings being made. In 10 subjects, we took simultaneous measurements from right arm and left finger and then from left arm and right finger. The results demonstrated that there was a site difference in BP independent of the laterality of the sites and that the magnitudes of the differences were similar for each combination (SBP left finger-right arm −7 ± 2.1, right finger-left arm −11 ± 1.7 mm Hg, P = 0.12; DBP left finger-right arm −6 ± 3.2, right finger-left arm −10 ± 3.3 mm Hg, P = 0.36).
Discussion
We found that resting brachial BPs in young female subjects were significantly lower than in agematched males, with mean differences of around 20 mm Hg for SBP and 8 mm Hg for DBP. The difference may in part have reflected lower sympathetic drive in females, since resting finger blood flows showed a trend towards higher values in this group; however, no statistically significant sex difference was seen in flow levels. London et al 14 found similarly lower brachial and femoral SBPs in premenopausal women than in age-matched men, although carotid SBPs were similar in men and women. In view of this and of sex differences in indices of arterial wave reflection, the authors concluded that the lower values of SBP recorded from peripheral arterial sites in young women are a consequence of greater arterial compliance. By contrast with our findings, London et al 14 found no sex difference in DBP in their populations. This may have been due to the differing age profiles of the populations studied. While our subjects were all 20-23 years old, those used by London and colleagues had mean ages of 32 (females) and 34 (males) years and each group included individuals varying in age by of the order of 20 years. Since increased age is associated with progressive elevation of BP regardless of gender, it seems likely that the wide age range in London et al's study may have masked the relatively small sex difference that we saw in subjects who were closely matched for age.
When we simultaneously measured BP from brachial and digital arteries, we found a good general correlation between the two, in line with numerous reports on the Finapres tonometric device 15, 16 and one previous evaluation of the Omron F3. 17 However, we observed that absolute values did not always correspond between the two recording sites.
The arterial BP is progressively damped between the large distributing arteries and the smaller regional vessels, due to the intervening vascular resistance. Before this damping occurs, however, there is an increase in pulse amplitude as the pulse wave travels from the thoracic aorta to the more peripheral distributing arteries, due to interaction of the primary pulse wave with harmonics reflected from peripheral resistance sites. [5] [6] [7] [8] The magnitude of this reflective interaction, and the sites at which pulse pressure attenuation due to vascular resistance balances out the reflective amplification, are influenced profoundly by the absolute peripheral resistance and by the degree of distensibility of the arterial system. 6 We reasoned that this relationship would be far more likely to affect pressure in the digital arteries than in more proximal sections of the arterial tree and that, therefore, digital BP might not be an accurate index of central BP under some conditions. Thus, the purpose of the present study was to assess how accurately finger BP tracked brachial BP under circumstances representing a range of physiological degrees of vascular compliance and cutaneous vascular resistance.
Male and female subjects were compared because of the greater degree of vascular distensibility that has been reported previously in premenopausal women. [18] [19] [20] As well, we compared pressures in the same female subjects at menses and during the periovulatory phase of the menstrual cycle, in view of the known vasodilator effect of circulating oestrogens. [21] [22] [23] We also utilised thermal stimuli as a way of specifically manipulating cutaneous vascular resistance, which might be anticipated to have an effect on the digital arterial environment without a substantial systemic effect. First, we exposed subjects to a moderately warm environment, in order to cause cutaneous sympathetic withdrawal. Second, we used cooling of one hand in order to produce reflex sympathetic vasoconstriction. Only a moderate cold stress was applied, in order not to elevate systemic BP or cause adrenomedullary activation and the effectiveness of this was confirmed by the absence of appreciable changes in brachial BP during the stimulation period.
When we compared brachial and digital BPs under resting conditions at normal room temperature, we found no differences between mean DBPs recorded from the two sites in male subjects or in female subjects during menses. During the periovulatory phase of the cycle, by contrast, female digital DBP was significantly lower than the corresponding brachial pressure. A more consistent site difference in pressures was observed in a warm environment. Under these conditions, resting digital DBPs were lower than those in brachial artery for all three subject groups. A study some years ago comparing finger and arm BPs in anaesthetised patients during surgery also reported that the finger pressure fell, relative to that in the arm, during cutaneous vasodilation. 9 Interestingly, the pressure differences between sites were far more consistent for DBP than for SBP.
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Thus, while the digital SBP value was lower than that in the brachial artery for the menses group at 30°C, no site-dependence of SBP was seen in either of the other groups in whom reduced digital DBPs were observed. Since SBP is affected more than DBP by reflected wave harmonics and absolute arterial distensibility 6, 8, 16, 24 these results suggest that variation in distensibility is not the primary explanation for the endocrine-and temperature-dependent site differences that we found. Together with the observation that pressure differences between finger and arm were attenuated or abolished during contralateral hand cooling and restored on rewarming of the hand, the data indicate that the reduced digital BP relative to that in the arm is due to a low local peripheral vascular resistance. This finding is somewhat different to those of Tanaka and Thulesius, 25 who found that finger heating reduced local SBP but did not alter DBP.
Detailed assessment of BP values recorded in individual subjects revealed more pronounced variability than was apparent from the pooled raw data. Bland and Altman 12 recommended that parity of two procedures for clinical measurement can be assumed if the scatter of inequality between absolute values obtained, as expressed by 2 standard deviations of the difference, falls within a clinically acceptable band. In the present study, we found that the scatter of inequality between finger and arm values for BP was at least 14 mm Hg for DBP and 18 mm Hg for SBP, regardless of subject gender and ambient temperature. In view of the practical importance of obtaining BP readings that are accurate to within 2 mm Hg, the Bland-Altman analysis suggests strongly that the Omron F3 does not provide reliable estimates of brachial BP. This suggestion is reinforced further by the data for resting BPs shown in Figure 3 . If it is assumed that an error of у5 mm Hg DBP or у10 mm Hg SBP would have substantial clinical impact, then our results indicate that data obtained from the finger are invalid in at least 50% of cases.
Interpretation of our results is necessarily limited by our experimental design. One limitation is that measurements of finger BP were always made using the left hand, due to the fact that the Omron F3 is designed to fit more comfortably on this than on the right hand. Some previous studies have reported that there are substantial differences between BPs measured simultaneously from right and left arms 26 although this is not a consistent finding. 27 However, we have no reason to believe that laterality could have explained our findings, since we found no significant inter-arm differences in either absolute BP or in the magnitude of inequality between BP values recorded from the finger and from the arm in individual subjects.
A second source of uncertainty is how generally our results can be extrapolated to other populations. Since we studied only young, normotensive subjects, we cannot predict what relative pressure values would be recorded from finger and arm in older individuals or in pathological states such as arteriosclerosis and hypertension. Nonetheless, our finding that large individual discrepancies between finger and arm values were independent of absolute BP or absolute peripheral resistance suggests that similar discrepancies would be likely in other populations. In the one hypertensive patient so far studied (24-year-old male), we have found finger SBP to be 15-20 mm Hg lower than arm SBP, with no significant difference in DBP (E Tansey, unpublished observation).
In summary, our results indicate that digital BP, as recorded with the Omron F3, does not provide an accurate index of brachial BP, at least in young normotensive people. We conclude that, despite the potential practical advantages of home monitoring of digital BP, the Omron F3 cannot be recommended for this purpose. Furthermore, since recorded finger BP can change significantly in response to alterations in cutaneous vascular resistance that do not affect systemic BP, the device is not well suited to laboratory tracking of BP behaviour.
